Abstract-
Introduction
Research on by-wire technologies for automotive applications has increased during recent years due to the number of advantages which such systems have over conventional mechanical systems. Such advantages include better fuel economy and reduced gas emissions in throttle-by-wire, reduced risk of skidding in brake-by-wire and reduced volume required for the steering arrangement in steer-by-wire [1] . All by-wire systems can also be adjusted for improved vehicle dynamics and driver comfort. The main aim of these by-wire systems is to have driver inputs which are not mechanically coupled to the drivetrain of the vehicle but measured through sensors and driven electrically through the use of appropriate drive mechanisms [2] .
The most challenging by-wire system to implement is steer-by-wire; this is due to the various sensors and actuators which need to be integrated in the system and due to the critical safety associated with the application. In order to facilitate the widespread use of steer-by-wire applications researchers and automotive manufacturers must ensure that the resultant systems are both fault tolerant and with a response which is comparable to traditional power steering arrangements which are already available on the market [3] .
In this research a simulation model in MATLAB/Simulink for the sensorless position/speed open-loop estimation and closed-loop control of a Permanent Magnet Synchronous Machine (PMSM) used in the steer-by-wire implementation is proposed. The presence of a sensorless algorithm in the steer-by-wire application improves the safety and robustness of the application. The model presented as part of this research is intended to facilitate the design of the various Proportional (P) and Proportional Integral (PI) controllers used in practice in both the vector control algorithm of the PMSM and the sensorless observer. The model also allows the prediction of the steer-by-wire performance under different load conditions. Since model based sensorless control systems suffer during low speeds and low operational frequencies [4] , a high frequency based sensorless system was implemented.
II. Steer-by-Wire System

A. Steer-by-Wire System Overview
The steer-by-wire system aims to eliminate some of the mechanical linkages within a traditional steering mechanism while still replicating the steering feel at the driver's end. A conventional steering's arrangement kinematic chain which consists of various components such as: handwheel, column, shaft, rack and pinion, tie rods and steered wheels [2] is broken down. The direct mechanical coupling is eliminated and replaced with two electrical drives with associated position and speed sensors such as encoders (Fig. 1) . The two electrical drives are required for providing torque feedback at the handwheel to the driver (Machine M1) and replicating the position of the handwheel at the steered side (Machine M2), Most of the electrical drives used in steer-by-wire applications presented in literature are implemented using PMSMs [5] [6] [7] due to a number of advantages associated with this machine such as: higher efficiency and higher power density compared to brushed DC drives, better heat dissipation characteristics compared to induction machine based drives, no commutator maintenance and higher maximum speed.
B. Characteristics of Steer-by-Wire
The numerous steer-by-wire systems proposed to date have shown considerable advantages over conventional steering arrangements; however there are also a number of limitations. The absence of the steering column simplifies interior car design and therefore the handwheel can be placed at different parts of the vehicle since it does not have to be necessarily mounted on the dashboard [1, [8] [9] [10] . The removal of the physical link between the handwheel and the steered wheel arrangement also results in a lower probability that the impact produced by a frontal crash will cause the steering arrangement to invade the driver's space; hence reducing the occurrence of driver injuries [11, 12] . Since the steer-by-wire system requires a digital signal processor/microcontroller to control the drive systems ( Fig. 1) it is also possible to adapt the steering dynamics according to the driver's comfort and preference [13, 14] . The elimination of hydraulic fluid from the steering arrangement which is typically associated with traditional power steering systems is also an advantage as it reduces the risk of fluid leaking [15] .
One of the main challenges in by-wire applications in general is that of generating an authentic force feedback at the driver inputs. In steer-by-wire research considerable research has been done in order to provide a torque feedback at the handwheel which has the same physiological effects on the driver [9, 15, 16] . The possible failure of the position / speed sensor has also resulted in researchers having to introduce mechanical systems and sensors to comply with automotive safety requirements [13, 17] .
C. Safety Requirments in Steer-by-Wire
The safety requirements in the steer-by-wire application where identified by Pimentel [18] . From these requirements a number of failure modes where identified which include: steered wheel does not follow the handwheel, steered wheel turns without driver input and no force feedback at the handwheel. The above failure modes can be associated with the following sources of error: failure of the handwheel position sensor, failure of the steered wheel position sensor and failure of torque/current sensors.
In order to improve upon the functional safety of the system it is always recommended to introduce additional backup measurement mechanisms. The innovative part of this research is that of including sensorless position/speed estimators and using them for the verification of the position sensor measurements. The sensorless algorithms proposed require no additional hardware to the power converter and sensors which are used in the control of the model in sensored mode. The MATLAB/Simulink model presented in this paper shows the validity of the designed sensorless observer for both open-loop estimation and closed-loop control of the PMSMs in the steer-by-wire system. The position/speed estimates can either be used for fault detection by comparing the sensor position to the sensorless estimate in open-loop or the system can be switched over to a complete sensorless operation in case of failure of one of the position sensors.
III. Sensored Position Control of the PMSM
The steer-by-wire application requires the design of two control systems for the PMSMs present in the system. The machine which provides torque feedback at the handwheel must be in current control mode while the machine which sets the position at the steered wheel side must be in position control mode. In this research Rotor Flux Orientated Control of the PMSM is proposed. This approach consists of cascaded control loops for position, speed and current (Fig. 2 ). Since the current controller is cascaded within the position loop; the model developed as part of this research focuses on sensorless position control loop design. The design of the current control loop required for the machine providing feedback at the handwheel will be identical to the current loop part within the position controller. The parameters of the PMSMs considered for the steer-by-wire application required for the generation the MATLAB/Simulink model are listed in Table I . Table II . The gains chosen for the controllers were tuned in such a way that the PMSM exhibits a stable response when in sensorless control mode. The PI controllers in the system have a dual nature; they are used to provide an adequate response with minimum delay while filtering out any noise present due to the sensorless estimates. 
IV. Sensorless Position Control of the PMSM
A. Sensorless Position Control Overview
The use of model-based sensorless observers is widely spread in literature because they are applicable over a range of speeds; however most of these observers fail at low or zero speed conditions [19] . This is a result of these methods trying to estimate the back-electromotive force (emf) which decreases significantly at low speeds resulting in estimates which are susceptible to sensor noise and variation in machine parameters. Since in steer-by-wire, position control at very low-speed is required, model-based observers are not suitable for the application. Hence sensorless algorithms which are based on tracking machine saliencies must be used in order to obtain accurate rotor position/speed estimates. In PMSMs the saliency is typically a result of magnetic saturation effects in surface-type PMSMs [20] [21] [22] [23] and on geometric saliencies in interior-type PMSMs [24, 25] .
Tracking of saliencies is typically done through the injection of additional signals during fundamental operation of the electrical machine. The methods for signal injection are subdivided into transient and continuous injection methods [19] . In this research a continuous high frequency (HF) signal injection method is used. HF-based methods in literature have been shown to obtain a rotor position estimate by superimposing a continuous high frequency carrier on the voltage fed onto the PMSM for the purpose of saliency tracking [4, [26] [27] [28] [29] [30] .
B. HF-based Injection Saliency Tracking
The high frequency injection in the MATLAB/Simulink model presented in this paper is performed in the stationary frame in the form of vi (1). These components are added to the reference fundamental frequency stator voltages in the synchronous dq-frame transformed into the stationary as shown in Fig. 3 . The three phase currents i a, i b and i c contain components of both the fundamental frequency and the injected HF. For the purposes of saliency tracking the low frequency current component is filtered out with a fourth order band-pass filter and transformed to the frame. For an injection frequency i of 2 kHz a fourth order band-pass filter with double poles at 1 kHz and 3.3 kHz respectively was designed and included in the model. The output of this filter after transformation is denoted as i i and is the isolated current component due to the HF injection on the stator windings. The heterodyning approach [4, 28] is then used on i i in order to obtain an error term which can be used in a phasedlocked loop (PLL) to obtain the speed and position estimates (Fig. 4 ). The error output term derived from heterodyning is expressed in terms of the high frequency currents i i , estimated electrical rotor position and HF injection frequency i in (2). (2) Expanding the high frequency current terms in (2) the error term can also be written as shown in (3). 
Where
The error term as written in (3) consists of a high frequency component with an amplitude and a low frequency component with an amplitude . The error term was filtered with a first order low-pass filter (Fig. 4) with a bandwidth of 318 Hz. Hence the error term fed into the PI controller in the PLL estimation loop is proportional to the error between the actual and estimated rotor positions. Since the estimated rotor position is fed back to the heterodyning section the PLL loop tracks the estimated rotor position in order to reduce the term to zero. An integrator is introduced after the PI controller such that a value for the estimated electrical rotor frequency is obtained within the same loop. The closed-loop bandwidth of the PLL loop was tuned at 54 Hz such that it is a factor of 34 times faster than the position controller in the cascaded rotor flux oriented loop. The gain values of the PI controller for this bandwidth were chosen as Kp = 1.64 × 10 5 and K i = 5.7 × 10 7 . The estimates of the PLL loop where filtered using low-pass filters to attenuate the high frequency noise. The rotor position estimate was filtered using a fourth order lowpass filter with a bandwidth of 795 Hz while the rotor position frequency was filtered with a sixth order low-pass filter with a bandwidth of 398 Hz.
v. Simulation Results
A. Open-loop Position/Speed Tracking
In order to demonstrate the position tracking ability of the sensorless observer a low shaft speed reference of 5 rad/s is used as demand for the speed control loop. A fullload of 5 Nm is applied to the PMSM at 0.5 s. During an open-loop test the sensorless position/speed are observed but not used for rotor flux oriented vector control purposes. The actual/estimated shaft speed is shown in Fig. 5 while the actual/estimated shaft position is shown in Fig. 6 . The three phase currents with the HF injected component are shown in Fig. 7 . 
B. Closed-loop Position/Speed Tracking
The main aim of the PMSM machines in the steer-bywire system is to track positional references at low speed. A full-load of 5 Nm is applied at the output of the PMSM. A change in reference position from 0.1 rad to 1.1 rad is applied at 0.5 s and filtered through a first order low-pass filter with a bandwidth of 25 Hz. The test was carried out while operating in sensorless control. The actual/estimated shaft speed is shown in Fig. 8 . The actual/estimated shaft position is shown in Fig. 9 . The three phase stators currents and the dq frame stator currents are shown in Figs. 10 -11. 
vi. Conclusions
In the simulation results presented in Section V.B the tracking of the rotor position/speed for a change in reference position at full load conditions was shown. The sensorless observer presented and simulated in this paper tracks both speed (Fig. 8) and position (Fig. 9 ) with minimum error. During the operation shown the system was operating in a sensorless control mode and the error in the estimates is negligible such that there is no loss of orientation in the current controller during operation as can be seen from the three phase and DQ frame stator currents (Figs. 10-11) .
The average rate of change in the steering position was researched in [31] and found to be in the range of 900 degrees/s. The change in the position reference given in the second test is of 1 rad and reaches steady state in approximately 39 ms. This translates into a steering rate of change of 1458 degrees/s which is above the average capability of that described in literature.
Hence the model presented and designed in this paper shows the validity of using HF injection saliency detection methods to estimate the speed and position in steer-by-wire PMSMs. The inclusion of such algorithms could result in improved functional safety in the steer-by-wire application by providing alternative sources for accurate measurements. 
